For more than a century, it has been known that damage to the right hemisphere of the brain can cause patients to be unaware of the contralesional side of space. This condition, known as unilateral neglect, represents a collection of clinically related spatial disorders characterized by the failure in free vision to respond, explore, or orient to stimuli predominantly located on the side of space opposite the damaged hemisphere. Recent studies using the simple task of line bisection, a conventional diagnostic test, have proven surprisingly revealing with respect to the spatial and attentional impairments involved in neglect. In line bisection, the patient is asked to mark the midpoint of a thin horizontal lie on a sheet of paper. Neglect patients generally transect far to the right of the center. Extensive studies of line bisection have been conducted, manipulating-among other factors-line length, orientation, and position. We have simulated the pattern of results using an existing computational model of visual perception and selective attention called MORSEL (Mozer, 1991) . MORSEL has already been used to model data in a related disorder, neglect
INTRODUCTION

Neglect
Unilateral neglect or bemi-inattention describes a collection of behavioral symptoms in which patients appear to ignore, forget, or turn away from contralesional space (Heilman, Watson, & Valenstein, 1993) . Neglect after right-sided lesions is more frequent, long lasting, and severe than after equivalent lesions of the left hemisphere. The disorder can compromise visual, auditory, tactile, and olfactory modalities and may involve personal, peripersonal, extrapersonal, and "imaginal" space (Halligan & Marshall, 1993a) . Unilateral neglect is far from a unitary phenomenon and has been shown to fractionate into a number of dissociable components in dyslexia (Mozer & Behrmann, 1990) . In this earlier work, MORSEL was "lesioned" in accordance with the damage we suppose to have occurred in the brains of neglect patients. The same model and lesion can simulate the detailed pattern of performance on line bisection, including the following observations: (1) no consistent across-subject bias is found in normals; (2) transection displacements are proportional to line length in neglect patients; (3) variability of displacements is proportional to line length, in both normals and patients; (4) position of the lines with respect to the body or the page on which they are drawn has little effect; and (5) for lines drawn at different orientations, displacements are proportional to the cosine of the orientation angle. MORSEL fails to account for one observation: across patients, the variability of displacements for a particular line length is roughly proportional to mean displacement. Nonetheless, the overall fit of the model is sufficiently good that we believe MORSEL can be used as a diagnostic tool to characterize the specific nature of a patient's deficit, and thereby has potential down the line in therapy.
terms of sensory modality, spatial domain, laterality of response, motor output, and stimulus content (Barbieri & De Renzi, 1989) . Furthermore, the lateralized behaviors observed cannot be explained in terms of concomitant sensorimotor deficits because neglect is manifested in free vision and under conditions of testing that do not necessarily require the use of motorically impaired limbs. Visual neglect has been repeatedly shown to double dissociate from hemiplegia, hemianopia, and hemianesthesia. Furthermore, the lesions that produce neglect are not restricted to primary sensory or motor cortex.
Unlike many brain-injured patients who rapidly learn to compensate for a visual field deficit or plegia of the upper limb, patients with unilateral neglect often con-tinue to behave as if one half of space has ceased to exist Computational Modeling of Neglect in any meaningful form (Mesulam, 1985) . As a result, patients with neglect commonly collide with objects on the left side of space, fail to eat from the left side of the plate, and may dress only one side of the body. When copying or drawing, patients tend to confine their drawings to the right side of the page; the drawings themselves often include adequate representations of the right side of the object with the left side either entirely omitted or grossly distorted.
A related condition, commonly found in association with recovery from florid neglect, is extinction. In extinction, a patient can report seeing or feeling an object on the side opposite the brain damage when one stimulus is presented, but fails to detect the same stimulus when a second stimulus is simultaneously presented to the unaffected side. Extinction is regarded by some researchers (e.g., Heilman, Watson, & Valenstein, 1993) as a milder form of neglect that is revealed in the course of partial recovery.
Line Bisection
Of all the clinical tests used to diagnose visual neglect, asking the patient to divide a horizontal line at its midpoint is by far the simplest and most widely employed (Bisiach et al., 1983; Bisiach et al., 1976; Halligan & Marshall, 1988; Schenkenberg, Bradford, & Ajax, 1980; Tegner & Levander, 1991) . As a clinical test, line bisection can be traced back some hundred years to the practice of the first clinicians who documented spatial asymmetries of perception in patients with unilateral brain damage (Axenfeld, 1915; Poppelreuter, 1917) . Typically in a line bisection task, patients are shown a thin line centered on a sheet of paper, which is centered with respect to the midsaggital plane. They are instructed to mark the midpoint of the line with a rapid, ballistic movement. Patients with left-sided neglect behave as if they have failed to notice the full left extent of the line, generally transecting the line far to the right of center. Performance can be quantified by measuring the transection displacement, the deviation of the patient's mark from the true center. We follow the convention that a positive displacement is a shift to the right of center, indicating left neglect; a negative displacement is a shift to the left of center, indicating right neglect.
Halligan and Marshall have studied line bisection, extensively manipulating line length (Halligan & Marshall, 1988 , 1989c Marshall & Hagan, l989,199Oa) , orientation (Burnett-Stuart, Halligan & Marshall, 1993b; Marshall & Halligan, 1990b) , position (Halligan & Marshall, 1989b; Marshall & Halligan, 1990a) , and the context in which the line is embedded (Halligan, Manning, & Marshall, 1991; Halligan & Marshall, 1989a , 1991a Manning, Halligan, & Marshall, 1990) . All of these variables have been shown to have reliable effects on the measured severity of neglect.
We have replicated the pattern of results of neglect patients on the line bisection task in a computational model of two-dimensional object recognition and spatial attention (Mozer, 1991) . The model, called MORSEL, was originally developed with two objectives in mind: (1) to build a computational mechanism that could analyze complex scenes consisting of multiple visual stimuli presented simultaneously, and (2) to account for a broad spectrum of psychological data, including perceptual errors that arise when several stimuli appear simultaneously in the visual field, facilitatory effects of context and redundant information, and attentional phenomena. The architecture and details of MORSEL arose from constraints imposed by these two objectives.
Mozer and Behrmann (1 990) "lesioned" MORSEL in accordance with the damage that was hypothesized to occur in the brains of neglect patients. The lesioned model was then used to simulate some puzzling aspects of the performance of patients with neglect dyslexia-a reading disorder associated with neglect. For example, MORSEL could account for the data of indicating that patients, when shown a pair of words such as cow and sun, would generally report only the word on the right-a form of extinction. However, when the two words were related in that they could be combined to form a lexical item, e.g., cow and boy, extinction was less likely.
In the present work, we have used MORSEL, along with the lesion proposed in the earlier neglect modeling work, to simulate a set of findings on the line bisection task. The model, with no extensions or parameter adjustment, is successful in explaining a wide variety of effects.
Interestingly, MORSEL makes an incorrect prediction for one minor aspect of the data, revealing a probable flaw in the model-most likely a technical, not conceptual, flaw. Nonetheless, the model makes interesting and testable predictions, and has the potential to be used as a diagnostic tool to better characterize the specific nature of a patient's deficit.
tion (e.g., McClelland & Rumelhart, 19Sl) , MORSEL has the capability of processing several items simultaneously. MORSEL has a visual field or retina on which stimuli are presented. The retina is a 36 x 36 array of cells. In each cell is a set of five feature detectors. These detectors register, or become active in response to, the presence of certain features in their region of the retina. Four of the detectors register oriented lines and the fifth detector registers the termination of a line. Figure 1 shows a sample input to MORSEL representing the phrase BAD ARTIST. Each letter produces a 3 x 3 pattern of activity on the retina. (Note that we show only as many rows of the retina as are necessary in our figures.)
This primitive activity pattern is interpreted by a connectionist network called BLIRNET, which attempts to ident@ the letters and words appearing on the retina. Figure 2 shows a sketch of MORSEL, with the BURNET module mapping the retinal activity pattern to a representation of letters and words. We envision a potentially large collection of processing modules that analyze various properties of the retinal array. For the line bisection task, for example, a module is required that identifies the center of mass of the stimulus activity.
MORSEL has two means of performing attentional selection: a late-selection component called the pull-out net and an early-selection component called the attentional mechanism (AM). The pull-out net acts on the outputs of BLIRNET to select items that .have a certain lexical status or semantic content. The AM acts on the input to BURNET to select certain spatial regions for processing. BURNET, and other processing modules that operate on the retinal representation, is limited in capacity, and hence requires the AM'S direction to avoid processing too much information at once.
We omit details of BLIRNET and the pull-out net, as they are not relevant for the current simulations. The interested reader can consult Mozer (1991). The simulations of line bisection, however, are dependent on the behavior of the AM, and thus we describe this component in some depth. 
The Attentional Mechanism
The AM receives advice about where to focus from various sources, resolves conflicting suggestions, and then constructs a "spotlight" centered on the selected region of the retina. The attentional spotlight serves to enhance the activation of input features within its bounds relative to those outside. This causes preferential treatment in BURNET and other processing modules. However, the AM does not act as an all-or-none filter. Information from unattended regions of the retina undergoes some degree of analysis by BLIRNET and other processing modules. This partial processing of unattended information distinguishes the AM from other early-selection filtering mechanisms that have been proposed (e.g., Koch & Ullman, 1985; LaBerge & Brown, 1989) , although this is not relevant in the current work.
The AM receives input about where to focus from two sources. First, attention can be guided in a bottom-up manner by stimulus information so as to bias selection toward locations where stimuli are actually present. The connections in Figure 2 from the retina into the AM provide this input. Second, higher-levels of cognition can supply topdown control on the basis of task demands. For instance, if the task instructions are to report the left item in a multi-item display first, selection can be biased toward the left portion of the display initially; if the instructions are to read a page of text, a scanning mechanism can bias selection toward the topleft corner initially, and then advance left to right, top to bottom. (Butter, 1987 argues for a similar distinction between "reflex" and "voluntary" control of attention in humans.)
As shown in Figure 2 , the AM is a set of units in one-to-one correspondence with the retinotopic feature maps serving as input to BURNIT. Activity in an AM unit indicates that attention is focused on the corresponding retinal location and serves to gate the flow of activity from the retina into BLIRNET and other processing modules. Specifically, the activity level of a unit in a given location in the retinotopic array is transmitted to the processing modules with a probability that is monotonically related to the activity of the AM unit in the corresponding array location. However, the AM serves only to bias processing: it does not absolutely inhibit activations from unattended regions, but these activations are transmitted with a lower probability.
Each unit in the AM gets bottom-up input from the detectors in the corresponding location in all of the feature maps, as well as an unspecified topdown input. The dynamics of the AM generate a single, contiguous region of activity over the retinotopic array, with a bias toward locations indicated by bottom-up and topdown inputs. Details of the AM selection process are provided in Appendix 1. Figure 3 shows an example of the AM in operation. Two blobs of activity are presented to the AM via its external inputs, and the AM settles on the left blob.' 
Damaging MORSEL To Produce Neglect
To model data from neglect dyslexia, Mozer and Behrmann (1990) proposed a particular form of lesion to the model-damaging the bottom-up connections to the AM from the retinal feature arrays. The damage is graded monotonically, most severe at the left extreme of the retina and least severe at the right (assuming a right hemisphere lesion, as we will throughout this article). Figure 4 depicts the damaged connections into the AM. The graded damage is important; Mozer and Behrmann achieved what might be interpreted as object-based neglect via the graded damage. Complete destruction of the connections in the left field and fully intact connections in the right field would yield a qualitatively different sort of behavior. It is also important to contrast this proposal for lesioning the model with two alternatives. First, one might damage the visual recognition system (BURNET) itself. However, this would lead to blindness, and is inconsistent with the view of neglect as an attentional phenomenon and with the neuroanatomical lesion sites that give rise to neglect. Second, one might lesion the AM directly, either changing the activation dynamics or connectivity of the units such that damaged units integrated activity more slowly or had a weakened influence on the activity of other units. We conjecture that these types of lesions would yield a behavioral effect similar to the proposed lesion for the simulation studies reported in this article.
The damage affects the probability that features present on the retina are detected by the AM. To the extent that features in a given location are not detected, the AM will fail to focus attention at that location. Note that this is not a "perceptual" deficit, in the sense that if somehow attention can be mustered, features will be analyzed normally by BLIRNET and other processing modules. Mozer and Behrmann (1990) showed that this form of damage was compatible with early, peripheral effects observed in neglect dyslexia because the disruption directly affects a low-level representation. However, the damage was also compatible with late, higher-order effects in neglect dyslexia by virtue of the fact that the pull-out net is able to reconstruct elements of a stringvia lexical and semantic knowledge-that are attenuated by the AM.
MODELING LINE BISECTION
Line bisection is a simple cognitive task; it does not require visual object recognition and does not invoke higher-order knowledge. For this reason, much of MORSEL, which deals with shape recognition and the topdown influence of semantic and lexical knowledge, is irrelevant. Only the early-selection attentional system-the AM-i s pertinent. Thus, in terms of MORSEL, line bisection is an extremely pure and primitive cognitive task.
In brief, we model the line bisection task by presenting the line stimulus on the retina, allowing the AM to settle, and then supposing a motor process that places the transection point at the center of the attended region. We assume that the motor process thus veridically bisects the attended region; there is no motor neglect or motor bias. Figure 5 shows the representation we constructed for a line stimulus appearing on MORSEL'S retina. The line is made up of two rows of horizontal segments with terminators at the extremities.2
S t i m u l i
The number of features active in a given cell of MOR-SEL'S retina determines the amount of input fed to the corresponding cell of the AM. Figure 6 shows the external input to the unlesioned AM for line stimuli of varying lengths, and Figure 7 shows the external input €or line stimuli of various orientations.
To establish a correspondence between distances on the retina and physical distances in the world, we arbitrarily assume that each cell of the retina corresponds to an 8.47 mm (= 1/3 in) distance in the stimulus display. Consequently, the line lengths of 3 to 33 cells, depicted in Figure 6 , correspond to stimulus lines of 25 to 279 mm.
k S i O l l h g MORSEL
All parameters and details of MORSEL-including connection strengths, interconnectivity patterns, and time constants-were left unchanged from the earlier work of Mozer (1991) and Mozer and Behrmann (1990) . How-I, varying lengths. The size of a white square is proportional to the magnitude of the external input. The black dots indicate AM grid locations that receive no external input. Because both horizontal and terminator detectors are active at the endpoints of a line, external input is twice as large at the endpoint locations. Note that a feature at a given location on the retina provides input not just to the corresponding location on the AM but also provides a small amount of input to adjacent locations. This spillover results in the halo around the stimulus locations.
ever, MORSEL has several remaining degrees of freedom that relate to the nature of the attentional deficit, which presumably differs from patient to patient.
Specifically, four parameters determine a function relating the horizontal position of a feature on MORSEL'S retina to the probability that the feature wiU be tmsmitted to the corresponding cell of the AM. This function is shown in Figure 8 . It is a piecewise linear curve with a flat segment, followed by a segment with positive slope, curve represents the left edge of the retina, the right extreme of the curve represents the right edge of the retina. The probability that the AM will register a feature is low in the left field, and it is monotonically nonfollowed by another flat segment. The left extreme of the decreasing further to the right. probability curve representing the damage to the attentional system is MORSEL. This function relates the position of a feature on MORSEL'S retina to the probability that the feature will be detected by the corresponding cell of the m.The function is for a left neglect patient; the probability that the AM will register a feature is low in the left field, and it is monotonically nondecreas ing further to the right. The curve is characterized by four parameters: (1) the probability of feature transmission on the right end of the retina (saturation probability), ( 2 ) the horizontal position on the retina where the probability reaches asymptote (saturation position), (3) the minimum transmission probability (minimum probability), and (4) the slope of the curve (gradient). Mozer and Behrmann (1990) used this same general type of curve, without the explicit parameterization, in their earlier neglect simulations. The basic notion of an attentional gradient is due to Kinsbourne (1993). The parameterization of the curve allows a variety of transmission functions, including forms corresponding to normals (e.g., a minimum probability close to 1 and a gradient of O), a homogeneous slope across the entire field (e.g., a shallow gradient and a saturation position at the far right edge), and a sharp discontinuity at the hemifield crossing (a very large gradient and a saturation position just to the right of fixation).
This curve representing damage is cleaner and sharper than one would expect from a biological system. Minimally, it should be curvilinear with no discontinuities in slope. However, minor changes to the form of the curve have little effect on the model's behavior, and the parameterization of curve is quite flexible in that it allows a wide variety of possible forms of damage.
It turns out that the behavior of the AM is robust over various transmission probability curves, except when extreme values of the parameters are selected. Interestingly, some sets of parameters do lead to odd and incorrect predictions. This does not invalidate MORSEL, but rather places constraints on the range of parameter values and their interrelationships that can occur in patients. This in itself is a useful contribution of the modeling effort. We say more about this issue below.
Rather than picking a single set of parameters somewhat arbitrarily, the simulations reported below explored a collection of parameter sets. Because each patient presumably has a slightly different form of deficit, and because we are modeling mean performance across patients, it seems sensible to construct an ensemble of lesioned models, each with a slightly different transmission probability curve. Our ensemble was formed by considering saturation probabilities of .9 or 1.0, gradients of .01 or .02, saturation positions of 50%, 75%, or 100% from the left edge of the retina, and minimum probabilities of .2 or .4. The Cartesian product of these parameter values was formed, yielding 24 different transmission probability curves.
In most of our simulations, we modeled 10 replications of each of the 24 transmission probability curves, yielding a total of 240 simulated patients. The results reported below are means over these simulated patients. Except where otherwise noted, we ran 10 trials per simulated patient per condition. This is the amount of data collected on real patients in the corresponding studies.
Methodology
When a stimulus is presented on MORSEL'S retina, processing proceeds as follows. Activation is transmitted from the retina to the AM according to the transmission probability function. This triggers the AM to select a contiguous spatial region on the retina. The AM iterates toward a stable state over time. Examples of this in the normal and lesioned model are shown in Figures 9 and 10 , respectively. The response of the unlesioned model is symmetric about the center of the line stimulus, whereas the response of the lesioned model is shifted toward the right side of the field. While Figure 10 shows the response on a single trial, of a version of the AM with a particular transmission probability function and a particular sampling of activation transmitted to the AM There are several reasonable procedures for translating the AM pattern of activity into a transection response from the model. For instance, one could determine the leftmost and rightmost point of activity in the AM, call them PI and pn and the transection point could be computed as the average, p = (PI + pr)/2. We experimented with several such alternative procedures. Fortunately, the results of simulations were quite robust to the readout procedure.
DATA AND SIMULATION ACCOUNTS
In this section, we describe the basic phenomena of line bisection, along with the model's explanation of the phenomena. A great deal of data has been collected on this task. We have attempted to sift through the data (including unpublished data) and characterize the consistent and robust phenomena, as well as curious but statistically reliable quirks. based on this function, it is quite typical, as will be evident from results presented in subsequent sectiom3
Once the AM has settled, the center of mass of the blob of activity is computed using the formula:
where aq is the activity of AM unit at location (x, y). If PO is the horizontal position of the true center of the line, then the transection displacement is p -PO. This displacement can be scaled to units of millimeters, using the conversion factor described above.
Normal Performance
Studies of normal performance on line bisection have been carried out using college-aged subjects, elderly controls, and neurological patients without neglect (e.g., Bisiach et al., 1976; Bradshaw et al., 1985; Marshall, 1 9 8 9~; Heilman, Bowers, & Watson, 1984; Manning, Halligan, & Marshall, 1990) . Some studies have shown overall mean leftward transection displacements, others have shown overall mean rightward displacements, while others have shown no overall bias. The mean displacements are quite small, less than 1-2' 36 of the total line length in magnitude.
The variability across studies is not mysterious. It seems clear that individual subjects do show overall biases, roughly 3-4% of total line length. About half of the subjects transect to the left and half to the right. Consequently, with small sample sizes, one should expect small positive or negative means across subjects.
Two additional facts have emerged. First, the mean displacement for a given subject-either to the left or to the right-increases with the line length, although the effect is small because the displacements are small. Second, within-subject variability of transections is positively correlated with line length. For example, Manning, Halligan, & Marshall (1990) found a linear correlation between line length and standard deviation of responses to be .97; Halligan & Marshall (1988) found a correlation of .88.
Simulations
In the unlesioned version of MORSEL, the transmission probability curve is uniform across the visual fieldthere is no attentional bias or gradient. To model normal performance, we must nonetheless specify the transmission probability. If the probability is 1.0 everywhere in the field, then the model will always select all features of the line (see Fig. 9 ) and will thus always bisect the line correctly. Some noise must be introduced into performance to model the variability among normals. One way to do this would be to assume noise in the motor response process, but it is also possible to introduce noise in perception by setting the transmission probability to, say, .9 uniformly across the field. (Mozer, 1991 also used a transmission probability of .9 to model normals.) Figure 11 shows the mean transection displacement as a function of line length for the unlesioned model with uniform transmission probability of 0.9. The mean displacements are not reliably different from zero, regardless of the line length. However, there is a clearly monotonic relationship between the line length and the variability of the responses across simulated subjects: the standard deviation of transection displacements, which are linearly related to the error bars shown in the figure, 
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Effect of Line Length
In neglect patients, transection displacement is monotonically related to line length (Bisiach et al., 1983; Halligan & Marshall, 1988; Nichelli, Rinaldi, & Cubelli, 1989; Riddoch & Humphreys, 1983) . Figure 12a shows a typical curve for a patient. For short lines of about 50 mm, the patient is fairly accurate, but as the line length increases, the transection point shifts farther to the right of center. Roughly, the displacement magnitude is proportional to the line length. The proportionality constant varies from one patient to another, but all show this general pattern. Data from 43 patients with unilateral right hemisphere damage were reanalyzed to quantlfy this observation. 'Ibventy-six of these patients were tested with lines varying from 18 to 180 mm in l&mm increments; 16 were tested with lines of 25 to 279 mm in 25.4 mm increments. Ten trials were run for each line length.
We examined the shape of the curves relating line length to transection displacement to determine the linearity of the relationship. Because subjects perform very well at the shortest lengths, and hence there is a floor effect, we removed lines of 50 mm and shorter from the analyses. Of the 43 patients, 42 showed a strong linear relationship between line length and transection displacement. The mean percent of variance accounted for with a linear regression was 90.3%. With a quadratic term included in the regression, the percent variance accounted for rose only to 92.2%.
The one exception, patient MN, showed a significant quadratic component in his response function. The curve was negatively accelerated: in proportion to line length, MN showed less neglect for long lines than for short lines. MN was studied over 15 sessions to assess the reliability of his performance. Averaging MN's responses over the 15 sessions, a linear regression accounted for only 85.8% of the variance; a quadratic regression accounted for 97.6%.
Simulations
Varying-length lines were presented to the lesioned MOR-SEL. Figure 12b shows mean transection displacement as a b c t i o n of line length averaged over the 240 simulated patients, as well as the data for six individual simulated patients who represent the sort of variability found in the data.
The mean curve is clearly linear. To examine the nature of the curve for individual simulated patients, we computed the proportion of variance accounted for by a linear regression and a quadratic regression (i.e., having both first-and second-order terms) for each simulated patient. Averaged over simulated patients, the linear fit accounted for 90.3% of the variance, and the quadratic fit 91.7%. This closely replicates the corresponding statistics from the human patients: 90.3% for the linear fit and 92.2% for the quadratic. Over all simulated patients and line lengths, the mean transection displacement was 23% of the line length with a standard deviation of 12%. These figures match typical patient performance; for example, patient PP (Figure 12a) showed a mean displacement 22% of the line length and with a standard deviation of 13%.
Note that we omitted very short lines-having lengths of 25 or 51 mm-from Figure 12b and the regression analyses. This is because most of the simulated patients performed nearly perfectly at these lengths, resulting in a floor effect (Table 1 ) and corrupting the linearity of the relationship between line length and transection displacement. However, these very short lines were also omitted from the human performance statistics for the 
Crossover of Displacements at Short Lengths
"ypically, neglect patients transect to the right of the true midpoint. However, for very short line lengths-less than about 50 mm-some patients consistently bisect to the left of the midpoint (Halligan & Marshall, 1988; . Thus, the left neglect observed for long lines becomes a sort of right neglect for the shortest lines. When this occurs, the transection displacements moss ouer the objective center of the lines. Linear extrapolation from the displacements for longer lines often predicts this counterintuitive phenomenon.
Account in Terms of the Model
Although this phenomenon is on the surface puzzling, we offer a simple explanation. The phenomenon might be viewed as emerging from a combination of two assumptions: (1) some normals consistently err to the left on line bisection; and (2) patients exhibit little or no neglect for short lines. The evidence for the first point was given earlier, and the leftward bias exhibited by some normals may be present even after brain damage. If this leftward bias is additive with large rightward shifts due to neglect, it will not be detected. However, if neglect plays no sigmficant role for short lines, then the leftward bias might again dominate. Thus, rather than viewing the crossover phenomenon as fundamentally tied to neglect, one could sensibly attribute crossover to the absence of neglect for short lines. Crossover in most human patients occurred only for line lengths of 25 and 51 mm. As Table 1 shows, the lesioned MORSEL produces little or no neglect at these line lengths, allowing even a slight leftward bias to push the responses to the left of the midpoint.
To quantlfy this argument, consider the combination of two independent influences on performance: left neglect which causes deviations to the right of the midpoint that are proportional to line length, and a fixed bias to deviate to the left of the midpoint for all line lengths. One can express this mathematically as
where d is the observed transection displacement, 1 is the line length, n quantifies the severity of neglect (0 = none, 1 = complete), and b is the fixed leftward bias. When the line length is sufficiently short, the contribution of the first term will be overwhelmed by the fixed leftward bias, and the displacement will end up negative, i.e., to the left of the midpoint. Note that we make no assumptions concerning what system or systems produce the leftward bias. It is unrelated to brain damage, as normals exhibit these same biases. It could stem from perceptual, motor, or perhaps even spatial reasoning systems.
Response Variation as a Function of Line Length
At each line length, experimenters typically collect multiple responses from patients. The responses are averaged to factor out some sources of variability in performance. However, this variability is itself interesting. One can quantlfy the variability as the standard deviation of transection displacements over the trials for a given line length. This standard deviation tends to be proportional to line length. For example, patient AL was tested over six sessions and correlations between standard deviations and line length ranged from .55 to .89 (Halligan & Marshall, 1991b Figure 12a ). Patients PB (Halligan & Marshall, 1988) , JH, and PS (Halligan & Marshall, 1989c) showed correlations of 234, .84, and .76, respectively.
Qualitatively, the distribution of responses is unimodal, 
Simulations
We examined the distribution of transection displacements across simulated patients. The mean transection displacement for each patient and line length was computed over 10 trials. Then a histogram of displacements over the set of patients was constructed. The correlation coefficient between line length and standard deviation of transection displacements was computed for each simulated patient. Line lengths of 25 and 51 mm were included in these simulations because they were also used to compute the human patient correlations.
A mean correlation of .58 was obtained for the 240 simulated patients. This is perhaps lower than the correlations reported for humans (in the range .55-.95), but clearly nonzero and of the correct sign.5
Response Variation as a Function of Displacement
In the previous section, we characterized the variability of responses as a function of the length of lines. One can also consider the variability of responses as a function of mean displacement, for a given line length. Roughly, the standard deviation of transection displacements is proportional to the displacement: if a subject accurately bisects a line on average, then the variation from one attempt to the next will tend to be small; however, if the subject makes large rightward displacements, then the variability is generally larger. To quantify this effect, we reanalyzed the data of 20 patients transecting 180-mm lines, with 10 trials per patient. The correlation between mean displacement and standard deviation of the displacements was .5 1.
Simulations
For a particular line length, we examined the relation between a simulated patient's mean transection displacement and the variability of the responses that constituted this mean. While the human patients showed a positive correlation, the simulated patients showed exactly the opposite pattern. For example, with 177-mm lines, the correlation was -.84, indicating that patients who produced larger displacements tended to show less variability in their responses. MORSEL thus fails to model this aspect of the data.
While it would be extremely difficult to point to a specific component of MORSEL that is responsible for this failure, it is possible to describe a general characteristic that the model appears to possess, and how this characteristic is responsible for producing the observed simulation data.
Neglect in MORSEL corresponds to the failure of features registered on the retina to be detected by the AM, specifically features of the left side of the stimulus. The severity of neglect will be related to the degree to which the AM fails to detect the presence of these features. This is depicted schematically in the two graphs of Figure 14 . Both graphs show the expected transection displacement as a function of the proportion of features on the left side of the retina that are successfully transmitted to the AM. When all features are transmitted, there will be no neglect, and the transection displacement will be zero; when the AM fails to detect features on the left side of the retina, transection displacements will be large. Thus, there should be a monotonic relationship between feature transmission probability and transection displacements. However, the relationship can be either negatively or positively accelerated, corresponding to the left and right curves in the figure, respectively.
For a particular lesion to MORSEL, the exact set and number of features transmitted to the AM on any trial will vary. This is because the operation of feature transmission is based on probability (see Fig. 8 ). Consequently, a particular lesion will produce a range of different values along the x-axis of the curves in Figure 14 transmission rates will result in a range of transmission displacements, as depicted by the two dotted horizontal lines in Figure 8 . One can clearly see in Figure 14 that with the curve on the left, larger transection displacements will occur with smaller variability, whereas with the curve on the right, larger transection displacements will occur with larger variability. The curve on the left corresponds to the behavior of the model; the curve on the right is what is required to fit the patient data. While these curves are descriptive, translating them into a computation mechanism is not simple. The curve on the left emerges from the dynamics of the m.'The difference between the curves-the sign of their second derivatives-is subtle indeed, and it will be a challenge to develop a revised version of the AM dynamics that achieves the desired behavior.
Effect of Stimulus Position
In the studies described above, stimulus lines were presented centered on a sheet of paper, which was also centered with respect to the midsaggital plane. One patient, PS, was studied not only in this condition, but also with a set of lines whose left endpoints all were anchored 1.5 nun from the left edge of the sheet of paper, and with another set whose right endpoints all were anchored 1.5 mm from the right edge of the sheet of paper (Marshall & Halligan, 199Oa) . Let us call these three conditions the centered, left-aligned, and rightaligned presentations. A variety of line lengths were tested, ranging from 12.5 mm to 279 mm in length. Note that the full extent of right-aligned lines 127 mm and shorter were entirely within right hemispace, and likewise for short left-aligned lines lying in the left hemispace.
Figure 15(a) shows PS's performance for centered, left-aligned, and right-aligned stimuli. In all three conditions, transection displacements are linearly related to line length. The average magnitude of neglect is no greater for left-aligned than for centered stimuli; rightaligned stimuli appear to produce less neglect. The slope of the linear relationship between line length and mean displacement can also be used as a measure of the severity of neglect; the larger the slope, the larger the displacement as a fraction of line length. The slopes for the three presentation conditions are shown in Table 2 . All three of these slopes are quite large relative to slopes obtained for normals, which are in the neighborhood of .03. Although there appears to be somewhat less neglect for the right-aligned presentations by this measure, one cannot ascertain the statistical reliability of this conclusion from the one patient's data.'
If neglect occurs with respect to a reference frame that is centered on the sheet of paper or centered on the body midline, one would expect relatively severe neglect for left-aligned stimuli and relatively mild neglect for right-aligned stimuli. The support for this pattern of results is not strong. Instead, the data appears to provide evidence for neglect that occurs with respect to the reference frame of the stimulus itself.
Simulations
In the simulation experiments reported thus far, stimulus lines were centered on MORSEL'S retina. Here, we add two conditions: lines whose endpoints are anchored either to the left or to the right side of the retina. Short lines thus lie entirely in one hemifield or the other, and the longer the line, the farther it extends into the opposite hemifield. Figure 16 shows the transection displacement as a function of line length averaged over the 240 simulated patients, for centered, left-aligned, and right-aligned conditions. The centered-condition data are the same as those in Figure 12(b) . The clear result is that the placement of the lines makes little difference in the pattern of neglect. Although the transmission probability varies as a function of absolute position of the stimulus, what appears to be critical to the AM'S performance is the relative strength of the left and right extremes of a stimulus line. Thus, the AM produces object-centered neglect-neglect with respect to the left and right ends of the object-rather than retinotopic neglect-neglect with respect to the position on the retina. This behavior of the model is somewhat unintuitive because the deficit itself is retinotopic. Mozer and Behrmann (1990) similarly found that the retinal position of a stimulus word in the damaged MORSEL had a relatively minor influence on reading performance. This simulation result is consistent with the data obtained from PS, the only human patient who has been studied in these conditions in two important respects as shown in Figure 15(a) . First, there is severe neglect in all three conditions. Second, the slope of the functions in all three conditions are of the same order of magnitude, and are an order of magnitude larger than those obtained for normals. Because the simulation data represents a mean over 240 patients, whereas the human data are those of a single patient, a precise fit should not be expected. However, it is not difficult to find individual simulated patients whose data shows a remarkably similar pattern to that of PS; see Fig. 15(b) . 
Effect of Stimulus Orientation
In the studies described above, lines were presented horizontally on the page and horizontally with respect to the patient. Marshall and Halligan (1990b) and Burnett-Stuart, have explored performance as a function of stimulus orientation. Patients were presented with stimulus lines of a fixed length (180 mm) drawn at various orientations on the paper. -90" are vertical.' This particular patient shows relatively mild neglect; his transection displacements for horizontal lines are about one-third as large as are typically observed. Nonetheless, it is worth presenting this data because it clearly shows the pattern of results confirmed with statistical analyses: transection displacements are linearly related to the cosine of the orientation. That is, the severity of neglect is determined by the length of the projection of the line onto the horizontal axis (Burnett-Stuart et al., 1991) .
Let us formalize this characterization of the results. The data obviously cannot be modeled by a straight line; it appears that a quadratic or cosine fit is necessary. Nonetheless, one can ask whether the data can be modeled by a piecewise linear function. That is, suppose we examine the data for orientations 0-90". In the BurnettStuart et al. (1991) study of six patients, the fraction of the variance accounted for by a linear fit of these data is only 74.1%, whereas a cosine fit accounts for 88.8% of the variance.
Interpreting the data is complicated somewhat by the fact that for some patients, neglect is not entirely a function of lateral extent, but also altitudinal extent (Butter et al., 1989; Rapcsak, Chino, & Heilman, 1988) . For these patients, one can conceptualize the axis of the attentional deficit as lying not along the horizontal, but rotated slightly clockwise (resulting in both left and upper-field neglect) or slightly counterclockwise (resulting in both left and lower field-neglect). Accordingly, for oriented lines, neglect is a function of the cosine of the angle, but there is a constant phase shift that reflects the fundamental axis of the d e f i~i t .~
Simulations
Stimuli used in this simulation experiment were fixedlength lines, corresponding to 180-mm lines viewed by human patients, at five orientations: Oo, 30", 45", 60°, and 90" (Fig. 7) . Because of quantization effects on MORSEL'S retina, it was tricky to generate the nonhorizontal and nonvertical lines. We matched the diagonal lines on the total number of input features and the average number of neighbors for each feature, which are the factors that seem to most affect the AM response. Each of the 240 simulated patients was presented with 10 trials of each of the five different line orientations, and the mean transection displacement at each orientation was computed. Because the response of MORSEL for -x" lines must necessarily mirror the response for x" lines, the figure has been extended to include the orientations between -90" and 0". Clearly, the mean displacement curve is bowed, nomonotonic in line orientation, and has the general shape of a cosine function.
For each simulated patient, we performed a linear and cosine regression to determine which type of curve best fits the individual's data for line orientations between 0" and 90". The mean percent of variance accounted for in the two regression analyses is presented in Table 3 . As it did for the human patients, the cosine regression yielded Human patients (n = 6) 74% 89%
Simulated patients (n = 240)
65% 72%
a reliably better fit for the simulated patients (F(1,239) = 74, p < 0.001). The explanation for this finding is simple: as we observed earlier, the critical factor in determining the severity of neglect in MORSEL is the difference in the transmission probability between the left and right ends of the stimuli. For oriented lines of a fixed length, this difference is monotonically related to the length of the projection of the stimulus line onto the horizontal axis, which in turn is proportional to the cosine of the line orientation.
One discrepancy between simulations and humans is that the simulated patients seem to show somewhat more variance in their responses than do the humans, which leads to slightly worse fits for both the linear and cosine regressions, as well as a weaker difference between the two. A partial explanation for this discrepancy may have to do with quantization effects on MORSEL'S retina. In our preliminary simulation studies, we found that the responses of MORSEL were sensitive to small changes in the stimulus-induced activity pattern on the retina. A finer quantization of the retinal array should make the activity of any individual cell less critical and might reduce response variability. Another partial explanation for the discrepancy is the fact that the human experiments used 22.5" and 67.5" lines whereas the simulation used 30" and 60" lines. It was much simpler to construct 30" and 60" lines on MORSEL'S retina due to quantization effects, but this created a uniform spacing of orientations, which may have masked differences between linear and cosine regressions.
We could model the performance of patients whose deficit was not strictly along the horizontal axis. This would be easy to do by rotating the attentional gradient on the map of the AM, corresponding to the sort of gradient that we suppose for these patients.
DISCUSSION
MORSEL is an existing computational model whose architecture, dynamics, and parameters have been specified in earlier simulation studies. Even the form of the damage that occurs in unilateral neglect is dictated by earlier modeling work. Thus, MORSEL was not in any way designed to account for the line bisection data modeled here. MORSEL makes strong predictions and the data were reexamined to determine whether the model and data were consistent.
We have shown that MORSEL can achieve a remarkable fit to the data. MORSEL can model the following phenomena: (1) no consistent across-subject bias is found in normals; (2) transection displacements are proportional to line length in neglect patients; (3) variability of displacements is proportional to line length, in both normals and patients; (4) position of the lines with respect to the body or the page on which they are drawn has little effect; and (5) for lines drawn at different orientations, displacements are proportional to the cosine of the orientation angle. MORSEL also fails to account for one observation: across patients, the variability of displacements for a particular line length is roughly proportional to mean displacement.
What have we learned from this modeling exercise? It has been valuable for a variety of reasons, on which we elaborate.
In determining what data to model, we were forced to reexamine and reanalyze the patient data, combining results across multiple studies, separating robust and reliable patterns from quirks in individual patient performance. Prior to this effort, the main phenomena related to line bisection had never been distilled and summarized. We thus have a better understanding of the data. MORSEL is able to provide a comprehensive account of the varied corpus of data in a unified framework. We have pointed to essential properties of the model that are responsible for the observed effects. Phenomena that could be seen as puzzling without a theoretical framework-such as the finding that neglect is related to the total line length, despite the fact that the patient does not apprehend the entire line-have straightforward, mechanical explanations in terms of the model. MORSEL has been able to explain a large collection of new data with almost no additional assumptions or mechanisms. This increases our confidence in the correctness and importance of the model, and gives us further motivation to continue expanding the breadth and coverage of MORSEL. The one phenomenon that MORSEL mispredicts-the relation between the mean and variability of transection displacements-points to a possible problem with the model. We suspect that fixing this problem involves a fairly minor change to the dynamics of the AM, but it is difficult to determine at this point; making any change to the model requires verification that the change does not affect the model's behavior on any other data. However, we are confident that the change can be made without repercussion, as no other data previously modeled depends on the aspect of the AM that we have pointed to as the culprit of the misprediction. Indeed, whether or not the effort of fixing the model is warranted depends on whether we expect to run across data in the future that will require this correction. At this point, we suspect not.
MORSEL provides an accurate portrayal of the average performance of groups of patients, yet it also possesses the flexibility-via the transmission probability curve that specifies the nature of the attentional deficit-to model individual differences. If we have confidence in the model's validity, we can use it prescriptively to characterize the attentional dejicit of individual patients in terms of their transmission probability curves. We have done this in one case above to show that the stimulus-position effects observed for patient PS (leftaligned and centered stimuli producing comparable neglect, while right-aligned stimuli producing less) could be modeled by the selection of a particular transmission probability curve. We can do a similar sort of exploration in the model's parameter space to try to understand the behavior of the only patient of 43 studied who shows a significant quadratic component in his performance on varying-length lines. Thus, MORSEL could well be used as a diagnostic tool to characterize the specific nature of a patient's deficit.
A related and important application of MORSEL is in characterizing the sort of attentional deficits that are possible following brain damage. Exploring the model's parameter space, we have found that certain transmission probability curves yield patterns of data that are quite bizarre and have never been observed in patients, and thus are unlikely to occur in nature. .01, saturation position on the right edge of the retina, and a minimum probability of .8-shows no neglect except for the longest lines. The dashed line-which corresponds to a saturation probability of 1.0, a gradient of .01, saturation position i n the center of the retina, and a minimum probability of .S-shows pre portionately less neglect for the longest line length than for the next shorter line length. Neither of these patterns are observed i n the human patient data, although a much less extreme version of the dashed line is occasionally found.
small portion of the visual field. If we dichotomize the space of transmission probability curves into those that are and are not consistent with the human data, and if we have information about the site of a patient's lesion, we may gain insight into the underlying cortical organization and neural structures that give rise to certain types of deficits but not others. In the course of our modeling efforts, MORSEL has suggested experiments that should be run to help settle theoretical issues and to test additional predictions of the model. We are currently exploring the literature to determine if the relevant experiments have been conducted, and if not, we plan to conduct them in the future. The experiments will, for example, help disentangle perceptual and motor components of neglect, explore line thickness as a manipulation in bisection studies, explore the effects of brief, masked stimulus presentations, and collect more data on the effect of stimulus position and different frames of reference. For the masking studies, MORSEL makes the surprising prediction that under some conditions masking could alleviate neglect. In the last set of studies, MORSEL makes the strong prediction that, averaged over many patients, stimulus position should have little effect on performance, although there may be considerable individual differences. Assuming that these predictions are borne out, this may not be the end of the line for the AM but also to the immediately adjacent locations, with a relative strength of 2%. This small amount of spread is unlikely to affect processing, but we have preserved it to maintain consistency with the original model. 2. The exact representation does not appear to be critical. We also experimented with lines having thicknesses of one and three cells, and the qualitative pattern of results was unchanged. 3. Examining the external input to the AM in Figure 10 , one notices that the actual input strength varies from location to location, and some locations to the right of center actually have stronger input than some locations to the left of center. This is because the figure shows a particular sampling from retinal input based on the transmission probability function, rather than the expected input strength, which would increase monotonically from left to right. 4. This pattern is clearer for the simulation data, as there are 15 times as many patients composing the distribution. Note also that for the human data, patients were classified as normal if their displacements were less than 10 mm, causing the truncation of the distribution at the left end.
5.
One parameter of the model that affects this correlation is the settling criterion-the total change in the AM activity pattern must drop below this criterion in order for a response to be read out. In the simulations reported here, a criterion of ,0001 was used. If this criterion is increased to ,001, the correlation jumps to .75. This is because increasing the criterion terminates the settling process sooner, and the AM response tends to be more dependent on stimulus conditions (e.g., line length) earlier in the settling process. Of course, it is not valid to adjust parameter settings differently for each simulation, and if all other simulations were run again with a settling criterion of ,001, other results would no doubt change. We mention this experiment only to indicate that the magnitude of the effect is sensitive to changes in minor parameter values, not to essential properties of the model. 6. It further does not give the whole story, because it says nothing about why shorter lines result in smaller displacements. We could simply relabel the y-axis "relative transection displacement" to deal with this issue, without influencing the discussion above.
7. Indeed, as a rough test, the slopes of the lines formed by consecutive pairs of data points in Figure 15 (a) were compared for the centered and right-aligned conditions, yet no reliable difference was found (F(1,7) < 1).
8. Note that xo lines mirrored around the x-axis become -xo lines. 9. The cosine regression computed by Burnett-Stuart et al. (1991) includes a phase shift parameter to model the altitudinal component of neglect. 10. We should note that many other Harmony functions would suffice equally well, if not better, than the one presented here.
Mozer & Behrmann (1990) experimented with several different functions, and the qualitative system behavior was unaffected by the details of the Harmony function. 11. To follow the objective function exactly, the third term should actually be zero if axu is currently inactive. However, including this term at all times prevents oscillation in the network and does not otherwise appear to affect the quality of the solution.
